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Abstract
Microwave imaging techniques for biomedical applications has increased the
interest of researches because its characteristics of non-invasive and low health-
risk.
In this master thesis, a microwave brain circular tomographic imaging system
is presented. Microwave tomography is an imaging technique that allows to
recover the values of the complex permittivity of an inhomogeneous object
based on the measurements of the scattered fields produced by a known
incident field.
The aim of this system is to detect the brain stroke which occurs due to a
loss of blood supply into a part of the brain caused by a blood clot (ischemic
stroke) or a bleeding (hemorrhagic stroke).
To make this detection, the system designed in this work is based on an
encircling geometry composed of 32 antennas equally spaced, divided in 4
sectors. When the system is working one sector act as a transmitter and the
others acts as receivers. Each sector based on RF switches and microstrip
lines that should have the same length to have the same losses and phase in
each antenna. The system works at a frequency band between 300 MHz and
600 MHz.
Finally, to make the initial test, a system with 2 sectors, one transmitter and
one receiver, with 4 antennas each one is fabricated.
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Chapter 1
Introduction
1.1 Context of the work
In the world of medical imaging, a new imaging technology system must meet
a number of requirements to be considered, such as:
• Sensitivity and specificity
• Non-invasive
• Low health-risk
• Cost-effective
• Minimal discomfort to the patient (short screening time and comfort-
able application)
• Easy to interpret
• Consistent results
In general, imaging system relay on illuminating an area of the body with a
penetrating wave and capturing the signals resulting from the interaction of
the illuminating radiation and the tissues with a proper sensor. These inter-
actions produce a variation in the signal which shows some inhomogeneity
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that can be attributed to the presence of a significant physical difference of
a certain ’a priori’ normal tissue values.
Nowadays, the most used technique is the x-rays but due to its ionizating
effects and the poor results obtained (3D objects into 2D images), new tech-
niques are appearing.
This is the case of the microwave imaging, an imaging technique that allows
to recover the values of the complex permittivity of an inhomogeneous object,
based on the measurements of the scattered fields. The scattered fields are
generated by the object when it is being illuminated by an incident field
produced by a certain geometric distribution of the microwave transmitting
and receiving sensors.
The problem for microwave imaging is that the wavelength is comparable to
the size of the organs. Due to the wavelength size the wave suffer scattering,
a problem that occurs when a wave encounters an alteration in the dielectric
properties of the medium.
The main advantage is in terms of safety, microwave systems are non-invasive
and do not involves any health risk thanks to the lower power non-ionizing
radiation.
This master thesis is focused in microwave imaging for the diagnosis of brain
stroke detection. This disease occurs due to a change into the blood supply
to a part of the brain, caused by:
• A blood clot (ischemic stroke)
• A bleeding (hemorrhagic stroke)
The main issue is to differentiate between ischemic stroke and bleeding. Both
present similar symptoms but radically different treatment and a delayed or
a wrong diagnosis may cause important after-effects.
1.2 State of the art
The investigation in the microwave systems for medical applications starts
at the late 70s with the doctors Larsen and Jacobi when they got the first
2
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images of a dog’s kidney [1]. To obtain those images, they use two antennas
moved in parallel planes to measure the coupling between them. To get
the sufficient resolution and penetration they use a liquid as an interface
between the antennas and the object to prevent reflections which avoid the
propagation inside.
From those results, microwave imaging for medical applications gained in-
terest among the research community. In this sense, significant contributions
were made by the collaboration between UPC and Supélec during the 80s.
Establishing a complete theoretical and experimental imaging platform with
the microwave circular scanner ‘Rosco’ (figure 1.1) [2].
Figure 1.1: Microwave Circular Scanner ’Rosco’ [2]
After more than 20 years of significant progresses in computers, measurement
equipment and numerical techniques, the interest in microwave imaging for
biomedical applications increase again.
As a recent experimental result in the context of brain stroke detection, we
may mention the group of Chalmers University that develop a 10 triangular
patch antenna arrayed mounted inside a bicycle helmet (figure 1.2) working
in the frequency range of 0.1 GHz to 3.0 GHz. As matching medium, plastic
bags filled with the matching liquid were placed between the helmet and the
patient’s head. [3]
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Figure 1.2: 10 triangular patch antenna arrayed mounted inside a bicycle
helmet [3]
Another contribution has been made by the University of Queensland with
an array of 16 slot antennas installed on an adjustable platform (figure 1.3)
where the antennas transmits and receives a signal between 1 to 4 GHz. [4]
Figure 1.3: 16 slot antennas installed on an adjustable platform [4]
This work may be considered as a development of the study made by Marta
Guardiola and the group of UPC Antennalab where the two main contribu-
tions of their work was the 3D formulation and the multi-frequency extension,
leading to the so called Magnitude Combined (MC) Tomographic algorithm
in the framework of breast cancer and brain stroke detection [5].
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1.3 Objectives
Following the future research lines proposed by Marta Guardiola in her dis-
sertation [5], the objective of this master thesis is to design a portable, non-
invasive, cost-effective and real-time prototype system to detect brain stroke
to reduce the time response and increase the survival rate.
Under this aim, the main goals of this work should be:
• Make a parametric study of the impulsional response to understand
how the imaging system works and how the detection of an unknown
object is made.
• Design and determine the number of antennas that will be used to make
a circular array.
• Determine the optimum frequency band to the optimum detection of
brain stroke.
• Design the control system.
• Put together and test the whole system.
1.4 Organization
This master thesis is organized in five chapters, including the present chapter,
which introduces microwave medical imaging, presents the state of the art
and defines de main goals of this work.
Chapter two describes the microwave-tomography imaging which is a tech-
nique that allows to recover the values of the complex permittivity of an
inhomogeneous object, based on the measurements of the scattered fields.
Chapters three and four contains the most important part of this master
thesis where the whole system is described:
• Chapter three describes and calculates the different parts in which the
prototype is based, such as the RF circuit and the antennas.
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• Chapter four shows the experimental results in which the different parts
described in the previous chapter are tested.
The document is concluded in chapter five, summarizing the main results
presented along the document and enumerating the future research lines.
6
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Microwave-Tomography
Imaging
2.1 Introduction
Microwave tomography is an imaging technique that allows to recover the
values of the complex permittivity of an inhomogeneous object, based on the
measurements of the scattered fields. These scattered fields are generated
by the object when it is being illuminated by an incident field produced by
a certain geometry distribution of the microwave transmitting and receiving
sensors. Based on the dielectric contrast between malignant and healthy
tissues different medical pathologies may be observed.
In this case, the medical pathology that wants to be observed is located in
the brain. So the objective is to reconstruct an inhomogeneous object placed
into the brain using a circular antennas distribution around the head (figure
2.1)
2.2 Imaging process for a punctual object
In order to state the quality of the imaging system, giving the linearity of
the process, the final image may be seen as the convolution of the real image
7
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Figure 2.1: Microwave tomography system
with the impulsional response of the system (image of a punctual object that
depends on the electrical and geometrical parameters of the system). Is for
this reason that before going into detail about how the reconstruction of an
inhomogeneous object inside the brain is made, it may be more useful to
analyze how a punctual object is processed.
The idea consists on illuminating with a known incident field ( ~Ei). This
incident field penetrates the object of interest, creating an equivalent current
distribution on it, that may be seen as responsible of the creation of an
scattered field distribution ( ~Es) produced by the transmitting antennas (Tn)
and the receiving antennas (Rn) (equation 2.1 [6]) outside of the object.
~EdTnRm = ~E
i
TnRm + ~E
s
TnRm (2.1)
From these scattered field distribution it may be obtained by an inverse
process the equivalent current distribution as a representation of the object
under test. The techniques may be seen as a two steps process:
1. Direct Problem: in this first step the matrix of the scattered field is
numerically obtained.
2. Inverse Problem: in this second step the unknown object will be recon-
structed.
8
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2.2.1 Direct Problem
As it was mentioned before, the objective of this first step is to get the
scattered field matrix, which will be used in the inverse step to reconstruct
the object.
Figure 2.2: Representation of the incident field and the reradiated field
The methodology to get the scattered matrix is presented below:
1. A field is radiated with a certain power by a transmitting antenna. This
field propagates through the space as a cylindrical wave (2D wave) and
illuminates the object. The field generated by the transmitting antenna
arriving at the object (incident field Eiz(xi, yi) [6]) is calculated as:
Eiz(xi, yi) =
−k2I
4ωε H
(2)
0 (k|~ρTn − ~ρi|) (2.2)
2. Then, the field is transformed into currents [6]:
~I0 = jEiz(xi, yi) (2.3)
3. With the current obtained from the equation 2.3, a reradiated field
is calculated. This new field corresponds to the scattered field of the
9
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object, and once propagated, it will be detected by the receiving an-
tennas. This detection allows getting the matrix of the scattered field
(Esz(xRm, yRm)[6]):
Esz(xRm, yRm) =
−k2~I0
4ωε H
(2)
0 (k|~ρRn − ~ρo|) (2.4)
2.2.2 Inverse Problem
The inverse problem consists on retrieving the object (shape and permittiv-
ity) from the scattered field matrix (Esz(xRm, yRm)) calculated in the previous
step (2.2.1). To do that, it is necessary to refocus the scattered field on each
of the points of the image space.
The refocusing expression of the inverse problem would compensate the dif-
fraction process of the direct problem using the inverse of the diffraction
expression [7] as:
Ef (xf , yf ) =
Nm∑
m=1
Esz(xRm, yRm) · IRm(xf , yf ) (2.5)
where IRm(xf , yf ) [7], the focusing operator, is given by:
IRm(xf , yf ) =
1
H
(2)
0 (k|~ρRn − ~ρf |)
(2.6)
Finally, the entire process can be grouped as follows [7]:
Ef (xf , yf ) = [IT1 IT2 . . . ITn] ·

EsT1R1 E
s
T1R2 . . . E
s
T1Rm
EsT2R1 E
s
T2R2 . . . E
s
T2Rm
... ... . . . ...
EsTnR1 E
s
TnR2 . . . E
s
TnRm
 ·

IR1
IR2
...
IRm

(2.7)
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2.3 Selection of the optimal frequency band
The next step is to define the operational frequency band more appropiate
for the specific application at which we are looking at. In our case, being the
brain imaging the objective, and knowing its high water content we need to
appropiately balance the requirements on penetration and resolution.
By definition, these two characteristics are:
• Penetration:
– Is the distance that a wave can go through a body before it is
attenuated in excess of a certain amount, which can be higher
or lower depending on the content of water of the different hu-
man tissues. In general, the lower the frequency the better the
penetration.
• Resolution:
– Is referred to the minimum distance between two objects that an
imaging system can distinguish. This parameter is strongly de-
pendent on the wavelength and it is an indicator of the quality of
the image. With more resolution, the imaging detail that can be
distinguished is smaller, and therefore the image quality is better.
So, to have a good resolution, the wavelength should be the smal-
lest possible (the higher the frequency, the better the resolution)
Keeping in mind that the resolution and penetrability are related in an in-
verse way, if a good resolution is required, it should be taking into account
that the penetration will be poor, and on the other hand, if a good penet-
ration is required the resolution will be poor and small details could not be
distinguished. It is necessary a compromise between resolution and penet-
rability.
When working with a combination of images corresponding to different fre-
quencies inside a certain frequency interval (wideband multifrequency ima-
ging), besides the selection of the central frequency as a compromise between
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resolution and penetration as we saw in a previous paragraph, the next im-
portant point is how to combine these different images corresponding to the
different frequencies (image-frequencies). For a lossless medium we know
that the frequency weighting coefficient is basically 1/f, the different image-
frequencies could be properly added and a clear improvement on accuracy
and resolution could be obtained. When working into a lossy medium how-
ever, which is the case of the brain, we know that the fields scattered by the
object gets attenuated into an increasing way when increasing frequency and
the theoretical previous weighting may not be applied anymore. Still because
the increasing attenuation it is quite well known we could eventually try to
amplify back the focused images to compensate for that known attenuation,
but we soon discover that the ordinary SNR does not allow this correction
for more than some dBs.
We then need a robust way to combine the different image-frequency for the
case of lossy mediums (mostly of the imaging situations correspond to this
case) to take advantage of the improvement in accuracy and resolution. The
basic idea is as follows: because focused image amplitude increases its value
with frequency due to the increasing focusing capability with frequency (ret-
ina is electrically larger at higher frequencies) from one side, and from the
other side image amplitude decreases its value due to the increasing atten-
uation with frequency, it may happen that for a certain frequency interval
both mechanisms compensate each other, giving a certain optimal frequency
range in which focused image amplitude stays quite constant.
To study this possibility a parametric study was performed for the canonical
case of a circular retina of 20cm diameters and 32 antenna elements cor-
responding to a brain-like medium (ε′ = 40) as a function of the frequency
and losses (conductivity). It may be seen in figure 2.3 that a good planarity
between 300 MHz - 600 MHz may be obtained.
In the figure 2.3 a), which corresponds to a system with one step focusing
algorithm as for the case of two parallel array antennas, it may be seen a
planarity for the case of σ = 0.74 and in the figure 2.3 b), which corresponds
to a system with two steps focusing algorithm as in the case of circular array,
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where an optimum planarity is obtained for the case of σ = 0.1. Depending
on the real brain losses (σ) one of the two compensations will be used.
So we may conclude that from the penetration, resolution and multifrequency-
weighting the 300-600MHz band is optimal.
a) One step focusing algorithm b) Two step focusing algorithm
Figure 2.3: Pic value of the image when the conductivity is fixed and the
frequency varies
It is also important when operating into a frequency band (fmin, fmax)
that the Nyquist criteria (equation 2.8) must be fulfilled for the minimum
wavelength (fmax) to fix the distance between antennas.
da→b ≤ λ|fMAX2 (2.8)
2.4 Antenna distribution geometries
To learn how the imaging system works and to allow the study of the problem
in an easy and clear way some Matlab simulations were made. The way to
get the final solution consists on a first simple case where the antennas are
placed forming a lineal geometry in the free space. The next step is a case
where the antennas form a semi-circular geometry and a lossless medium
(σ = 0) with an equivalent relative permittivity of the brain (ε′ = 40) is
considered. Finally, to emulate the real scenario, the antennas are placed in
a circular geometry tacking into account the real propagation losses due to
the relative permittivity and conductivity of the brain (ε′ = 40, σ = 0.74).
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The calculations were made at 450 MHz, the central frequency of the optimal
range, when working into the brain-like medium.
2.4.1 Lineal Geometry in a lossless brain-like permit-
tivity medium (ε′ = 40, σ = 0, f = 450 MHz)
The first simulation consists on a geometry with 9 transmitting antennas
(red circles) and 9 receiving antennas (green stars) operating at 450 MHz
in a lossless brain-like permittivity medium (ε′ = 40, σ = 0) and placed
perpendicularly, as it is shown in the figure 2.4. The separation between the
transmitting and receiving antenna elements is λ/2. Both group of antennas,
the transmitters and the receivers, are placed at a distance of 52.7 cm from
the center of the working space. The working space is based on 81 points
separated λ/2, as it can bee seen in the figure 2.4 distinguished by black dots.
Figure 2.4: Lineal geometry of the antennas with the working space
With these antennas located in a lineal geometry as it is mentioned before,
an unknown object was placed in the center of the working space as the figure
2.5 shows.
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Figure 2.5: Lineal geometry of the antennas with the unknown object placed in the
center of the working space
The results of this first image reconstruction at a frequency of 450 MHz are
shown in the figure 2.6 and it can be seen the two steps in which the imaging
process is divided and explained in the section 2.2, the direct problem and
inverse problem.
Firstly it is shown the scattered field distribution, in amplitude and phase.
In amplitude is possible to see the characteristic representation where a peak
appears on the position of the unknown object. While in phase, a certain
phase appears in the unknown object location, and decreases around the
unknown object position.
In the second part, it can be see the representation of the inverse problem
that gives the location of the unknown object based on the scattered field
calculation. This location is known through the amplitude representation.
15
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a) Direct Problem amplitude b) Direct Problem phase
c) Inverse problem amplitude d) Inverse problem phase
Figure 2.6: Image reconstruction of the location of the unknown object in the lineal
geometry in a lossless brain-like permittivity medium (ε′ = 40,σ = 0, f = 450 MHz)
2.4.2 Semi-circular geometry in a lossless brain-like
permittivity medium (ε′ = 40, σ = 0, f = 450 MHz)
The second scenario (figure 2.7) consists on two semicircular distribution of
antennas over a radius of 0.1 m working at the frequency of 450 MHz. There
are 17 transmitting antennas (red circles) placed in the plane defined by the
positive Y-axis and 17 receiving antennas (green stars) in the plane defined
by the positive X-axis. The separation between the antennas are 0.02 m and
some of the antennas overlap over a 90º angular sector. The unknown object
is located in the center of the space (figure 2.7) of a lossless medium (σ = 0)
16
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with the relative permittivity of the brain (ε′ = 40).
Figure 2.7: Semi-circular geometry of the antennas with the working space
The obtained results are represented in the figure 2.8. Notice the difference
between the direct problem (scattered field) in the lineal distribution (figure
2.6 a,b) and in the semi-circular distribution of the antennas (figure 2.8 a,b).
In the case of the semi-circular distribution the amplitude and phase of the
scattered field is constant because the object is in the center of the space
and the distance between this object and the antennas are the same in all
directions. Otherwise, in the representation of the inverse problem (figure
2.8 c,d), it can be seen a peak where the unknown object is located.
17
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a) Unknown object position
b) Direct Problem amplitude c) Direct Problem phase
d) Inverse problema amplitude e) Inverse problem phase
Figure 2.8: Image reconstruction of the location of the unknown in the semi-circular
geometry in a lossless brain-like permittivity medium (ε′ = 40,σ = 0, f = 450 MHz)
18
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2.4.3 Circular geometry in a brain like medium (f =
450 MHz)
In this last simulation, the antennas operates at a frequency of 450 MHz
and have a circular distribution with a radius of 0.1 m to emulate the final
distribution on the head, as it can be seen in the figure 2.9. There are 32
antennas which are separated a distance of 0.02 m between them. In this
case, all the antennas are sequentially acting as transmitters and receivers,
that means when one antenna is transmitting the others are receiving at the
same time.
In the first time-period, antenna 1 is transmitting while the m-1 remain-
ing antennas are receiving and the corresponding scattered field distribution
(first row of the scattered field matrix) is collected. In the next time-period,
the transmitting and receiving position are rotated an angular step, so the
antenna 2 is transmitting and the remaining m-1 are receiving and the corres-
ponding scattered field distribution (second row of the scattered field matrix)
is collected. The rotation is repeated until to complete the final circle (a M
row matrix is completed).
Figure 2.9: Circular geometry of the antennas with the working space
With this circular distribution, three different cases are are presented:
1. Unknown object in the center and lossless medium (ε′ = 40, σ = 0).
19
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Figure 2.10: Circular geometry of the antennas with the unknown object placed on the
center of the working space
2. Unknown object in the middle and with brain conductivity (ε′ = 40,
σ = 0.74).
3. Shifting the unknown object (ε′ = 40, σ = 0.74).
2.4.3.1 Unknown object in the center of a lossless brain-like per-
mittivity medium (ε′ = 40, σ = 0, f = 450 MHz)
In this first case, the unknown object is located in the middle of the sample
space (figure 2.10) and a lossless medium is considered (ε′ = 40, σ = 0).
In the results obtained (figure 2.11), it can be seen that in the scattered
field representation, the amplitude and the phase are constant because the
antennas are at the same distance from the unknown object. If now the
inverse problem is observed, it can be seen the image reconstruction of the
unknown object location, where now, a clear peak appears in amplitude.
2.4.3.2 Unknown object in the center of a lossy brain-like medium
(ε′ = 40, σ = 0.74, f = 450 MHz)
To make a good approximation to the real scenario, the conductivity of the
brain is introduced in the scattered field calculation (ε′ = 40, σ = 0.74).
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a) Direct Problem amplitude b) Direct Problem phase
c) Inverse problema amplitude d) Inverse problem phase
Figure 2.11: Image reconstruction of the location of the unknown object in the circular
geometry in a lossless brain-like permittivity medium (ε′ = 40,σ = 0, f = 450 MHz)
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This value of conductivity (σ = 0.74) results on a wave number (k) (2.9):
k = 2pi
λ0
·
√
ε′ − jε′′ where ε′ = εr and ε′′ = σ
ωε0
(2.9)
With the unknown object in the middle of the sample space and the conduct-
ivity of the brain introduced in the direct problem calculation, it can be seen
a difference between the scattered field amplitude in this case with losses (fig-
ure 2.12) and in the previous case without losses (figure 2.11), where in the
case with losses the amplitude and phase decrease respect to the case without
losses. This is the same that happens in the inverse problem, due to the in-
troduction of the conductivity of the brain in the direct problem calculation,
the amplitude decreases respect to the case where the brain conductivity is
not considered due to the propagation losses.
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a) Direct Problem amplitude b) Direct Problem phase
c) Inverse problema amplitude d) Inverse problem phase
Figure 2.12: Image reconstruction of the location of the unknown object in the circular
geometry in a lossy brain-like medium (ε′ = 40,σ = 0.74, f = 450 MHz)
2.4.3.3 Shifting the unknown object in a lossy brain-like medium
(ε′ = 40, σ = 0.74, f = 450 MHz)
Finally, the object is shifted to other points, as it is shown in the figure 2.13.
It can be observed how the peak of the inverse problem properly shifts at the
position where the unknown object is.
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a) Unknown object position
b) Direct Problem amplitude c) Direct Problem phase
d) Inverse problema amplitude e) Inverse problem phase
Figure 2.13: Image reconstruction when the unknown object is shifted in a lossy brain-
like medium (ε′ = 40,σ = 0.74, f = 450 MHz)
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2.5 Spatial Focusing Capability (SFC)
In this section the capacity of the instrument to find and reconstruct the
unknown object is tested based on the position where it is placed in the
sample space.
To check the capacity of the system to get a good reconstruction capacity
independently of the position of the object into the reconstruction space, it
is necessary to move the unknown object for each point of the sample space
getting the amplitude and phase of each point.
In the figure 2.14, the results for the evaluated system is shown. The system
is based on 32 antennas placed in a circular configuration with a separation
of 0.02 m between them, where the antennas acts as a transmitters and
receivers, and 441 points comprises the sample space.
Figure 2.14: System to evaluate the SFC
To generate the SFC matrix, two cases are considered:
1. Lossless medium (without brain conductivity): the direct problem and
the inverse problem do not consider the conductivity of the brain (σ =
0) and the relative permittivity is 40 (ε′ = 40).
2. Losses medium (with brain conductivity): in the direct problem is
considered the conductivity and the relative permittivity of the brain
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(ε′ = 40 and σ = 0.74) but in the inverse problem the conductivity of
the brain is not considered (ε′ = 40 and σ = 0) to avoid overburning
of the reconstructed image.
The graphic representation of the SFC for the two cases, are presented in the
figure 2.15. Notice that in the first case where the conductivity of the brain
is not considered the response is constant while in the second case where the
conductivity of the brain is introduced on the direct problem calculation, the
response is not constant but symmetric.
In this second case, it can also be observed that in the middle of the sample
space, the detection level is lower than in the corners where the level is
maximum. The reason for that is because at the corners of the working
space the points are closer to transmitting and receiving antennas, so the
reconstructed values are higher.
a) Without losses b) With losses
Figure 2.15: SFC
2.6 Multifrequency imaging
In the final prototype, in order to increase the robustness, accuracy and res-
olution of the imaging system a multifrquency system, covering the optimal
frequency band from 300 MHz to 600 MHz, will be used.
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In the figure 2.16, it may be seen the comparison between the monofrequency
and the multifrequency results for a lossless brain-like medium (ε′ = 40,
σ = 0).
a) Monofrequency imaging (f = 450 MHz) b) Multifrequency imaging
Figure 2.16: Comparison between monofrequency and multifrequency ima-
ging in a lossless brain-like medium (ε′ = 40, σ = 0)
And in the figure 2.17, it may be seen the comparison between the monofre-
quency and the multifrequency results for a lossy brain-like medium (ε′ = 40,
σ = 0.74).
a) Monofrequency imaging (f = 450 MHz) b) Multifrequency imaging
Figure 2.17: Comparison between monofrequency and multifrequency ima-
ging in a lossy brain-like medium (ε′ = 40, σ = 0.74)
27
CHAPTER 2. MICROWAVE-TOMOGRAPHY IMAGING
In the both cases presented before, the lossless brain-like medium (ε′ = 40,
σ = 0) and the lossy-brain like medium (ε′ = 40, σ = 0.74), it may be
seen that the multifrequency impulsional response, besides its robustness, is
slightly better (more sharpened) than the monofrequency, as it can be ob-
served in the table 2.1 where there is represented the value of the impulsional
response when it has decreased 3 dB.
Lossless medium Lossy medium
Monofrequency Multifrequency Monofrequency Multifrequency
∆−3dB 0.5 cm 0.2 cm 2 cm 0.5 cm
Table 2.1: Value of the impulsional response at -3 dB
2.7 Concluding remarks
In this chapter it has been explained which is the idea of microwave tomo-
graphy focused on the brain case, and how the detection of an unknown
object is done for the simplified case of a punctual object. In a first step the
direct problem is solved and the scattered field matrix is obtained. Then, this
is used to solve the inverse problem that gives the location of the unknown
object.
To get an optimal detection it is necessary to define an optimal frequency
band taking into account two important characteristics, penetration and res-
olution. The compromise is tighty because this two characteristics are related
in an inverse way.
Also, because focused image amplitude increases its value with frequency due
to the increasing focusing capability with frequency (retina is electrically lar-
ger at higher frequencies) from one side, and from the other side image amp-
litude decreases its value due to the increasing attenuation with frequency,
it may happen that for a certain frequency interval both mechanisms com-
pensate each other, giving a certain optimal frequency range in which focused
image amplitude stays quite constant. So we may conclude that from the
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penetration, resolution and multifrequency-weighting the 300-600MHz band
is optimal.
In addition, the distance between the antennas must fulfil the Nyquist cri-
terion. This distance should be lower than λ/2 at the maximum frequency.
It is also presented three different scenarios where the distribution of the
antennas are different and the difficulty increases case by case. The main
objective was to understand how the image reconstruction is done when the
unknown object is shifted along the sample space and how the antennas
distribution and losses affects the measurements.
The Spatial Focusing Capability (SFC) of the instrument is presented. This
matrix shows the capability of the instrument to properly locate and recon-
struct the unknown object.
Fianlly, it may be seen the comparison between the monofrequency and the
multifrequency results for a lossless brain-like medium (ε′ = 40, σ = 0)
and for a lossy brain-like medium (ε′ = 40, σ = 0.74). In both cases, the
multifrequency impulsional response is better than the monofrequency.
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Specifications of the microwave
tomographic system
3.1 Introduction
The microwave tomographic system will be designed to detect brain patho-
logies. To properly adapt the system to the geometry of a the human head,
this prototype is based on a circular head band geometry with a 200 mm
diameter and 32 antennas connected to a network analyzer.
Those antennas are divided in 4 sectors where in each sector there are 8
antennas. With this configuration, when the system is working, one sector
acts as a transmitting sector and the other three acts as a receiving sectors.
Therefore, in each measurement time slot, one antenna is working in the
transmitting sector and one antenna is receiving in the receiver sector. Us-
ing a properly designed switching matrix the different transmit and receive
matrix may be addressed and the measured scattered field matrix filled.
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Figure 3.1: Schematic of the final prototype
3.2 The RF circuit
So, the RF matrix switch allows to address each of the 32 antenna elements
to the proper transmitting and receiving ports through a system of microstrip
lines to guide the signal to the correct destination.
The final prototype is thought to be fitted in a human head. For this reason,
the solution should be flexible enough to form a circumference 200 mm dia-
meter and rigid enough to do not brake. For this reason, the substrate used
is the so called Rogers RO3003TM [8]. This material has the following char-
acteristics:
• Permittivity = 3
• Dielectric thickness = 1.5 mm
• Metallization thickness = 35 um
3.2.1 Microstrip lines
To determine the characteristics of the microstrip lines it is necessary to
know the main properties of the substrate such as, permittivity, dielectric
thickness and metallization.
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The characteristics of the material, presented above, and the frequency band
(300 MHz - 600 MHz) make a microstrip line width of 3.79 mm, with a
losses of 0.21 dB/m at 450 MHz. This characteristics are calculated using
the TxLine program which is able to determine the main characteristics of a
microstrip lines from different inputs.
It should be taking into account that it is convenient that the length of the
microstrip lines must be the same in all the cases to have the same losses
and the same phase in each line.
3.2.2 RF Switches
To select the correct microstrip line and enable the correct path between the
input and the output, it is necessary a control system. This control system
is based on RF switches.
To realize the final version of the prototype, which is based on 32 antennas
divided into 4 sectors of 8 antennas each one, it is necessary to use:
• 4 x RF switches of 1:2 (1 input and 2 outputs)
• 2 x RF switches of 1:4 (1 input and 4 outputs)
• 4 x RF switches of 1:8 (1 input and 8 outputs)
The selected RF switches are from Hittite [9] and they are selected following
two main parameters, the insertion loss and the frequency band. Those
parameters for each RF switch can be seen on the table 3.1.
In:Out Frequency band Insertion Losses (dB)
HMC545 [10] 1:2 DC - 2.5 GHz 0.3
HMC241QS16 [11] 1:4 DC - 2.5 GHz 0.6
HMC253LC4 [12] 1:8 DC - 3.0 GHz 1.2
Table 3.1: Characteristics of RF switches
The first switch, which can be seen on the table 3.1, corresponds to a GaAs
SPDT (Single Pole, Double Throw) switch [10], which offers high issolation
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(27 dB at 2.5 GHz) and low insertion losses (0.3 dB at 2.5 GHz). The second
switch, the switch HMC241QS16 is a non-reflective GaAs SP4T (Single Pole,
4 Throws) [11] and offers high isolation (27 dB at 2.5 GHz) and low insertion
losses (0.6 dB at 2.5 GHz). And the last switch selected is a non-reflective
GaAs SP8T (Single Pole, 8 Throws) [12] with high isolation (36 dB at 3
GHz) and an insertion losses of 1.2 at 3 GHz.
All of three switches operates with positive voltage biassing.
In addition, to set up the correct path and determine which antenna is trans-
mitting and which antenna is receiving, it is necessary a code to control and
select the correct switch. In this case, this part is based on the Arduino
Nano, a small, complete, and a breadboard-friendly board (figure 3.2) [13]
where it is implemented a code to control the whole system.
Figure 3.2: Arduino NANO [13]
3.3 The antennas
As it is said on the section 3.1, this system has a configuration of 32 antennas
equally spaced. This means that for a human head with a diameter of 200
mm, the perimeter of the head array (equation 3.1) is 628.3 mm, so the
distance between the antennas may be 19.6 mm. Using the equation 2.8,
which can be found on the section 2.3, the maximum distance allowed for a
frequency band between 300 MHz and 600 MHz and a relative permittivity
(ε′) of 40 can be calculated, and it has a value of 39.5 mm.
perimeter = ∅pi (3.1)
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In this case, the antennas used in that prototype have been designed and
developed by Chen Chen [15] and it can be seen in the figure 3.3.
Figure 3.3: Antenna proposed [14]
The antennas are made with the substrate RO3003TM [8], the same used in
the microstrip lines, which has a permittivity of 3.
The dimensions of these antennas are 96 mm length and 20 mm width. It
is found that with this certain shape, the antennas are ultra wide band and
they are adapted between 300 MHz to 600 MHz. Then, the frequency band
inside the whole band (100 MHz - 3000 MHz) specified in the section 2.3 is
defined as 300 - 600 MHz.
The antennas have a metallic plane behind them at a distance of 40 mm.
This metallic plane is added to produce a unidirectional radiation pattern
direct towards the head. Between the antenna and the metallic plane there
is a background material, as it can be seen in the figure (3.4).
Figure 3.4: Antenna proposed with the cooper plane and the background
material [14]
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The relative permittivity of the background material is usually an average
of relative permittivities of the imaged object. In the case of the brain, the
relative permittivity of the background material should be 40 because is the
relative permittivity average of the different brain layers (table 3.2).
Skin Bone Grey matter White matter Blood
ε′ 41 12 62 38 61
Table 3.2: Relative permittivity of the different brain tissues [15]
3.4 The complete system
As it is mentioned in the previous sections, the complete system is based on a
head band of 200 mm diameter which contain 32 antennas divided in 4 sectors
and controlled by different RF switches to enable the correct transmission
and reception path. For the signal generation and reception, it is necessary
to add a network analyzer to transmit and receive a signal that allows to
detect the scattering field looking to the detection of the pathological area.
So, the detection of the malignant tissues is made through the measurement
of the amplitude and phase of a signal generated by the network analyzer
N9912A Field Fox from Agilent [16]. The relevant characteristics of this net-
work analyzer, such as maximum transmitting power, noise floor and sensit-
ivity are presented in the table 3.3. Notice that the difference between the
noise floor and sensitivity is that in the case of sensitivity the required band-
width is considered while in the noise floor is not considered (see appendix
A.2).
Noise Floor Sensitivity
PMAXout Preampl. OFF Preampl. ON Preampl. OFF Preampl. ON
N9912A 8 dBm -130 dBm -143 dBm -88 dBm -106 dBm
Table 3.3: Characteristics of N9912A Field Fox RF Analyzer [16]
It is important to note that the received power should not be less than the
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sensitivity of the measurement device because this value indicates the limit
at which the device is not able to distinguish between signal and noise.
To ensure the correct detection, it is necessary to check the losses of the
complete system. In this case, the losses depends on:
• RF switches
• Microstrip lines
• Wave propagation (planar wave or spherical wave)
• Medium losses
In addition, it should be considered a minimum dynamic range of 20 dB to
accommodate the possible variation of the scattered field.
Then, if the table 3.4 is observed, it can be seen that the maximum trans-
mitted power (PMAXTx ) by the network analyzer is 8 dBm. Once the different
losses (Lt) are added, the received power can be seen in the variable (PRx)
where in any case, the value of sensitivity is exceeded.
Also, it can be observed that as the frequency increase, the losses increases
due to the propagation losses. This is related with the explanation in the
section 2.3 where it is said that the penetration capability decreases when
the frequency increases.
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Freq. (MHz) Lt (dB) PMAXTx (dBm) PRx(dBm)
Pre-ampl. OFF Pre-ampl. ON
Sensitivity (dBm) Sensitivity (dBm)
300 80.52 8 -72.52 -88 -106
400 83.81 8 -75.81 -88 -106
500 86.07 8 -78.07 -88 -106
600 87.74 8 -79.74 -88 -106
a) Planar wave (2D)
Freq. (MHz) Lt (dB) PMAXTx (dBm) PRx(dBm)
Pre-ampl. OFF Pre-ampl. ON
Sensitivity (dBm) Sensitivity (dBm)
300 82.53 8 -74.53 -88 -106
400 86.45 8 -78.44 -88 -106
500 89.19 8 -81.19 -88 -106
600 91.27 8 -83.27 -88 -106
b) Spherical wave (3D)
Table 3.4: System budget for the N9912A
3.5 Concluding remarks
Finally, this system will be based on a network analyzer which transmits and
receives the signal to and from the head band of 200 mm diameter. This
head band contains 32 antennas divided in 4 sectors, where each antenna
will be enabled or disabled using RF switches with the aim to make a correct
measurement and a properly detection of the pathological area. To properly
detect the target, the length of the microstrip lines must be the same in all
the cases to have the same losses and the same phase in each line to do not
alter the measurements or reduce calibration processes. Also, it is important
that the antennas have a matallic plane behind them to reflect the radiation.
Between the antennas and the cooper plane there is a background material
with a relative permittivity of 40 to avoid the reflections when the wave
penetrates into the head.
The antennas where designed according to the optimum frequency band (300
MHz - 600 MHz). In this frequency band the value of the sensitivity is not
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exceeded so the signal can be distinguished from noise and the system is able
to work properly.
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Experimental results
4.1 Introduction
In this chapter, the experimental results for a simplified version of the final
prototype is presented. To characterize the system, a version based on two
sectors of 4 antennas with a separation of 40 mm between the antennas, as
it is shown in the figure 4.1, is used.
Figure 4.1: Final prototype
In this prototype, one sector will be the transmitter and the other will be
the receiver. Consequently, two 1:4 RF switches are used so the losses of the
system will be reduced.
To characterize the system, first of all, the characterization of the RF cir-
cuit and in particular, the characterization of the RF switch is presented,
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after that, the antenna charcaterization are shown. Finally, the integration
between antennas and RF circuit are tested to check the correct operation
of the system and the capacity of detection.
4.2 Characterization of the RF circuit
As it is mentioned before (section 4.1), in this simplified version of the proto-
type, there are two identical RF circuits with ports numbered Tx1 − Tx4 and
Rx1 − Rx4. One corresponding to the transmitting sector (figure 4.2.a) and
the second one corresponding to the receiving sector (figure 4.2.b). Notice
that the output number 4 corresponds to the left branch and the output
number 1 corresponds to the right branch.
Figure 4.2: RF circuit
For the characterization of both RF circuits, it is important to verify that
all the different paths have the same losses and the same phase (section
3.2). To check this condition it is necessary to measure the S21parameters in
amplitude and phase. Ideally, all the paths should have the same amplitude
and the same phase.
Also, it is important to verify the isolation between the paths to observe the
signal level that flows through the paths which are disabled.
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Following, the different results for the two RF circuits are presented and
discussed.
In the figure 4.3, it can be seen the S21parameters, in amplitude and phase
when each one of the outputs are sequentially connected to the input. If
the frequency band of interest (300 MHz - 600 MHz) is observed, it can be
seen that the losses increases with the frequency and there is a maximum
difference of 0.1 dB between the four different outputs. In the case of the
phase, the four cases have similar response. This means that the amplitude
and phase are approximately the same in the four cases, so the first condition
specified before is achieved.
a) Amplitude b) Phase
Figure 4.3: S21of each output
Now, the figure 4.4 is observed. In this figure, the amplitude of the different
paths that are disabled is compared with the path enabled. For example,
in the figure 4.4 a, the enabled path is the output 1 and the other 3 are
disabled. Notice the minimum 30 dB difference between the enabled path
and the disabled paths.
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a) Output 1 enabled b) Output 2 enabled
c) Output 3 enabled d) Output 4 enabled
Figure 4.4: Isolation between the outputs
4.3 Characterization of the antennas
In this section, the antennas will be characterized. To check the proper
operation it is necessary to make two measurements:
• The S11measure to verify the adaptation.
• The S21measure to see the transmission losses between the antennas
and the coupling between closed antennas.
In the figure 4.5 it can be seen the final prototype of one sector with the
final antenna placed at 40 mm from the metallic plane which is used to
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reflect the radiation. To maintain this 40 mm distance, the antenna and
the cooper plane are fixed with a platform. Additionally, on the top of the
cooper plane, there are two supports which are used to maintain the position
into the measurement liquid. The liquid used is a mixture of water and
alcohol to reproduce the relative permittivity (ε′) of 40 to emulate the brain
permittivity.
Figure 4.5: Set up of the antennas
4.3.1 S11 parameter
In this first subsection, the S11 of the antennas are measured to check their
adaptation. A good adaptation is achieved when the S11 is below the level
of -10 dB.
To measure this value it is necessary to introduce the antenna with the
metallic plane into the mixture of water and alcohol. The reason for that is
because the antennas are designed with a background material to reduce the
reflections produced by the imaged structure.
Once the antennas are introduced into the mixture it is possible to obtain
the S11 parameter. In this case, only two antennas are characterized with
this parameter because in principle all the antennas should be the same, so
they should have approximately the same S11.
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Now, if the figure 4.6 is observed, it can be seen the S11 of two different
antennas. It can be said that exists a certain dispersion and a frequency
shift towards higher frequencies that is due to the difference between the
model permittivity of the brain for which antennas were designed and the
value of the liquid mixture. This difference is because the tank has a small
electrical size that results in a relative permittivity between the permittivity
of the liquid (ε′ = 40) and the permittivity of the air external to the tank
(ε′ = 1).
Figure 4.6: S11 antennas
4.3.2 STiRj parameter
In this second subsection, the S21 is measured to verify the transmission losses
and the coupling between the antennas. In the case of the transmission losses
there are two possible configurations, one where the antennas are face to face
at a distance of 160 mm (figure 4.7) and the other where the antennas are
perpendicular (figure 4.9).
In the first measurement, which corresponds to the configuration of the figure
4.7, the left sector corresponds to the transmission sector and the right sector
to the receiver sector. In this case, the transmission antennas are different in
each measure (antenna 1 is placed in the top of the image below and antenna
4 is in the bottom) and the reception antenna is fixed. The antennas which
are not connected to the network anlayzer are loaded with a 50Ω load.
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Figure 4.7: Face to face disposition
In the figure 4.8, the results of the Sijare shown. In this configuration,
the attenuation in the frequency band of interest (300 MHz - 600 MHz) is
comprised between the -20 dB to -30 dB. It can be seen that the antennas
have approximately the same attenuation because the distance between the
transmitting antennas and the receiving one is approximately the same.
Also, in this measurement, it is checked that the optimal frequency band to
make an optimal image reconstruction is between 400 MHz and 600 MHz.
This matches with the measurement of the S11 made in the subsection 4.3.1
where it is observed that the optimal adaptation is between 400 MHz and
600 MHz.
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Figure 4.8: S21 between the transmitter and the receiver antennas in the face
to face distribution
In the configuration of the figure 4.9, the top sector corresponds to the trans-
mission antennas and the right sector, to the receiver antennas. In this case,
the transmission antennas are different in each measure (antennas 1 is in the
right and the antenna 4 is in the left) and the reception antenna is fixed. The
antennas which are not connected to the network anlayzer are also loaded
with a 50Ω load.
Figure 4.9: Perpendicular disposition
In the figure 4.10, it can be checked that the attenuation in this configuration
increases when the distance between antennas increase. It can be seen that
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the minimum attenuation corresponds to the transmitting antenna 1 and the
receiving antenna 2 because they are closer, and the maximum of attenuation
is between transmitting antenna 4 and receiving antenna 2 because they are
farther.
Figure 4.10: s21 between the transmitter and the receiver antennas in the
perpendicular distribution
4.3.3 SRiRj parameter
Finally, the coupling between the antennas of the same sector is checked. In
this case, the configuration is shown in the figure 4.11. The antenna number
2, from the top, is fixed and acts as a receiver and the transmission antennas,
the remaining three are changed in each measure.
This measure is useful to see the signal level that can re-radiate an antenna
placed in a closer position to the real transmitting antenna.
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Figure 4.11: Coupling measurement
In the figure 4.12 it can be observed that the minimum attenuation in the
frequency band of interest (300 - 600 MHz) is 20 dB for the closer antennas
and 30 dB for the farther antennas. This means that in case that one of the
antennas re-radiate the signal, this signal will be 20 dB or 30 dB less than
the signal radiated with the real transmitting antenna.
Figure 4.12: Coupling between the receiver antennas
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4.4 Test of the complete system
Using the face to face disposition described in the subsection 4.3.2 the whole
system was tested.
As it can be seen in the figure 4.13 the left sector correspond to the transmit-
ting sector and the right sector to the receiving sector. The distance between
the antennas of the two sectors is about 4.4 cm.
Figure 4.13: Complete system
To test the system the working frequency was 390 MHz and two different
scenarios was considered based on the object to be detected:
• Scenario 1: Metallic wire with a diameter of 1.45 cm.
• Scenario 2: Metallic wire with a diameter of 0.8 cm.
The methodology followed in both cases to detect the unknown object was:
1. Calculate the incident field matrix (Ei): this measurement consists
on measuring the amplitude and phase of the field transmitted and
received by the antennas when the medium do not have any unknown
object.
2. Calculate the diffracted field matrix (Ed): this measurement consists
on introducing an unknown object in any location of the medium (in
our case this object is placed in the center) and measure the amplitude
and phase of the field transmitted and received by the antennas.
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3. Calculate the scattered field matrix (Es): this measurement consists
on subtracting the diffracted field matrix (Ed) from the incident field
matrix (Ei), as follows:
Es = Ei − Ed (4.1)
4. Calculate the image detection (Ef ): This measurement consists on cal-
culating the inverse problem, which as it is said in the subsection2.2.2,
consists on retrieving the object (shape and permittivity) from the
scattered field matrix (Es).
Following the results for the two scenarios are presented
4.4.1 Scenario 1: Metallic wire with a diameter of 1.45
cm
In this first scenario, the unknown object is a metallic wire with a diameter
of 1.45 cm and it is placed in the center of the working space, as it can be
seen on the figure 4.14.
Figure 4.14: Scenario 1
The results for this case are presented in the figure 4.15
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a) Scattered field amplitude b) Scattered field phase
c) Image reconstruction amplitude d) Image reconstruction phase
Figure 4.15: Image reconstruction for the scenario 1
4.4.2 Scenario 2: Metallic wire with a diameter of 0.8
cm.
In this second scenario, the unknown object is a metallic wire with a diameter
of 0.8 cm and it is placed in the center of the working space, as it can be
seen on the figure 4.16.
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Figure 4.16: Scenario 2
The results for this case are presented in the figure 4.17
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a) Scattered field amplitude b) Scattered field phase
c) Image reconstruction amplitude d) Image reconstruction phase
Figure 4.17: Image reconstruction for the scenario 2
In both scenarios, it can be seen that the system is able to detect the unknown
object at the frequency of 390 MHz.
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a) Inverse problem amplitude (plane x = 0)b) Inverse problem phase (plane
x = 0)
c) Inverse problem amplitude (plane y = 0)d) Inverse problem phase (plane
y = 0)
Figure 4.18: Representation of the planes x = 0 and y = 0 for the scenario 2
In the figure 4.18, it can be seen the representation of the planes x = 0 and
y = 0 for the case presented in the scenario 2 (see subsection 4.4.2). In
this results, it can be seen that the system is able to detect the unknown
object specially into the transversal plane (plane parallel to the array of the
antennas).
4.4.3 Virtual orthogonal system
Looking the figures 4.17 and 4.18 it may be seen, as mentioned before, that
the transversal plane is able to detect the object but into the longitudinal
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planes this detection is pure.
In order to improve this longitudinal resolution we may compose the re-
sponse obtained by a virtual orthogonal system combining two 90º-rotated
impulsional response as it is seen in the figure 4.19.
a) Image reconstruction amplitude b) Image reconstruction phase
Figure 4.19: Detection of the unknown object with a virtual orthogonal
system
4.5 Concluding remarks
In this chapter, a simplified version of the complete prototype is presented.
To minimize the error in the characterization of the system, this new version
is based on two sectors of 4 antennas with a separation of 40 mm between
the antennas. In this experimental characterization, the RF circuit and the
antennas are tested separately.
In the case of the RF circuit it can be checked the premise of having the same
amplitude and the same phase in each one of the four different branches to
do not modify the measurement into the medium is achieved.
In the case of the antennas, it can be seen a frequency shift towards higher
frequencies that is due to the difference between the model permittivity of the
brain for which antennas were designed and the value of the liquid mixture.
This difference is because the tank has a small electrical size that results
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in a relative permittivity between the permittivity of the liquid (ε′ = 40)
and the permittivity of the air external to the tank (ε′ = 1). Also, in this
measurements, it is observed that the coupling between closer antennas is
comprised between 20 dB and 30 dB.
Finally, it can be seen that the system is able to detect two types of unknown
objects with different diameters placed in the center of the working space at
the frequency of 390 MHz, specially into the transversal plane (plane parallel
to the array of the antennas) which the detection is pure. In order to improve
this longitudinal resolution we may compose the response obtained by a
virtual orthogonal system combining two 90º-rotated impulsional response.
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5.1 Main conclusions
Microwave tomography is an imaging technique that allows to recover the
complex permittivity of an inhomogeneous object. In a first step, the direct
problem is solved and the scattered field is obtained. This is used to solve
the inverse problem that leads to the location of the unknown object.
The prototype presented in this work is based on a head band of 200 mm
diameter with 32 antennas divided in 4 sectors, where each antenna is enabled
or disabled using RF switches.
To get an optimal detection, it is necessary to meet with three characteristics:
• Define an optimal frequency band:
– It is necessary to define this frequency band tacking into account
the penetration and the resolution which are related in an inverse
form.
– From the penetration, resolution and multifrequency-weighting
the 300-600MHz band is optimal.
• The same electrical length in all the branches: the microstrip lines
should have the same electrical length to have the same losses and the
same phase with the aim to do not altered the measurements.
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• The design of the antennas: for the particular frequency band (300
MHz - 600 MHz) and background material (ε′), the antennas should
have a metallic plane at 40 mm behind them to reflect the radiation,
and between the antennas and the metallic plane there is a background
material with a relative permittivity of 40 to avoid the reflections when
the wave penetrates into the head.
Finally, a simplified version of the prototype described is tested. This pro-
totype is based on two sectors and 4 antennas per sector and it has been
proved, that:
• Due to the real work of the antennas into the electrically small liquid
tank, the optimal frequency band is shifted towards higher frequencies.
• Due to the small electrical size of the tank, the effective permittivity of
the tank is an intermediate value between the permittivity of the liquid
and the permittivity of the air external to the tank.
• The amplitude and phase of the microstrip lines are the same, so the
branches have the same length and they do not altered the measure-
ments.
• The coupling between antennas is approximately comprised between
20 dB and 30 dB. This means that in case that one of the antennas
re-radiate the signal, this signal will be 20 dB or 30 dB less than the
signal radiated with the real transmitting antenna.
• The whole system is able to detect two types of unknown objects with
different diameters (0.8 cm and 1.45 cm) placed in the center of the
working space at the frequency of 390 MHz
5.2 Future research lines
The following lines describe the research lines that can be performed following
the research presented in this work.
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• Test the 4x4 system into an extended size tank for an orthogonal geo-
metry.
– In order to receive the liquid permittivity as a effective permittiv-
ity and avoid unwanted reflections from the tank walls an extended
tank dimension is needed (al least λexλe at 300 MHz) that allow
to test the system in a more real condition
• Adapt the prototype to a circular head shape
– Once the complete prototype is tested in a lineal case, is time to
make a circular shape prototype to fit in the head. Once this shape
is obtained, it is necessary tot test it to verify the correct work
and it is recommended to compare with the lineal case results.
• Apply the prototype for the breast case
– At the same time that the head shape is developed, it is possible
to adapt the circular shape to the breast which is another interest-
ing field to develop the prototype and helps to the breast cancer
detection.
• Real time detection
– An interesting issue and an important characteristic is to make a
real time detection. This means to present the images in real time
to observe and detect in situ the injuries of the patient.
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Real time detection and
sensitivity
In this appendix two important characteristics for the prototype are ex-
plained, the real time detection and the sensitivity. Those two parameters
are closer related and in this chapter, both will be defined.
A.1 Real time detection
One requirement of this system should be the presentation of the images
results in real time, to observe and detect in situ the injuries of the patient.
In this system real time refers to update the images results every 1/16 s.
Therefore, if the system is performed by 32 antennas, will be done 992 meas-
urements in 1/16 s.
This restriction implies that the time to make one measurement is 63 us, see
equation A.1.
Tmeas =
Trt
Nmeas
(A.1)
This measurement time is equivalent to a bandwidth of 15.87 kHz.
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A.2 Sensitivity
The sensitivity of a measuring equipment is the limit at which the instrument
is not able to measure. This limit is approximately 10 dB above the noise
level.
As it is specified in the section 3.4 the network analyzer considered is the
Agilent N9912A FieldFox [16]. The sensitivity of this network analyzer is
found in the datasheed and it is specified in the table A.1.
Frequency band Sensitivity
N9912A 10 MHz – 2400 MHz (Preamplifier OFF) -130 dBm
10 MHz – 2400 MHz (Preamplifier ON) -148 dBm
Table A.1: Network Analyzer Sensitivity
This sensitivity is referred to a 10 Hz bandwidth, but the sensitivity required
is the ones that refers to the bandwidth of the measurements. So, to calculate
the sensitivity, first at all, it is needed to know the equivalent temperature
(Te), using the following equation it is possible to get it.
Te =
NS
kBS
(A.2)
The equivalent temperature (Te) and the bandwidth of the measurement
allows the calculation of the noise level using the equation A.3.
N = kTeB (A.3)
Finally, to get the sensitivity only 10 dB has to be added as in the equation
A.4.
S = N + 10 dB (A.4)
The different sensitivity values for the two network analyzer can be seen in
the table A.2. Notice that both instruments have the same sensitivity at the
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same frequency band, but the instrument N9912A has an preamplifier option
that is able to decrease 18 dB the sensitivity level.
As an example, the network analayzer N9912A’s sensitivity is calculated
below.
For the preamplifier OFF case where the sensitivity is -130 dBm referred to
a bandwidth of 10 Hz, the equivalent temperature is:
Te = NSkB =
10−13
k·10 Hz = 724.64 · 106
It is possible to calculate the noise level using the equivalent temperature,
calculated before, and the bandwidth of the measurement, which in the real
time measurements corresponds to 15.87 kHz, as it is explained in section
A.1.
N = kTeB = k · 724.64 · 106 · 15.87 kHz =⇒ −98 dB
Finally the sensitivity is obtained.
S = N + 10 dB = −98 dB + 10 dB = −88 dBm
Frequency band Sensitivity
N9912A 10 MHz – 2400 MHz (Preamplifier OFF) -88 dBm
10 MHz – 2400 MHz (Preamplifier ON) -106 dBm
Table A.2: Sensitivity
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Propagation losses
As it is said in the section 3.2, the system losses are produced by five dif-
ferent things, such as, microstrip lines, RF switches, medium propagation,
diffraction (2D or 3D) or the dynamic range.
This appendix is focused on two kind of losses:
1. Medium propagation losses
2. Diffraction losses
B.1 Medium propagation losses
This first type of losses are characterized by the permittivity (ε′) and con-
ductivity (σ) of the medium, and the working frequency. These can be cal-
culated by the following equation (equation B.1) [17].
γ = jk = j(β +α) = −α+ jβ = j[2pi
λ0
√
ε′ − jε′′] = j 2pi
λ0
·
√
εr − j σ
ωε0
(B.1)
By definition, the losses for a good dielectric medium are defined by α. Once
α is obtained, it can be calculated the amplitude of the losses using the
equation B.2, where the parameter d corresponds to the distance between
the antenna and the unknown object.
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medium losses = e−αd (B.2)
For example, for the brain case, where the permittivity is equal to 40 and
the conductivity is 0.74, if the equation of the propagation losses (B.1) is
considered at the frequency of 600 MHz the total value will be 21.29+j82.33,
so the losses will be 21.29 Np/m which is equivalent to 184.92 dB/m
B.2 Diffraction losses
This second kind of losses refers to how the wave is propagated through the
medium. There are two types of propagation:
• Spherical waves propagation (3D): the power is propagated in all the
directions of the space and it is defined by the equation B.3.
PRx
PTx
|3D = ( λ4pir )
2 (B.3)
• Planar waves propagation (2D): the power is propagated in a beam
which has a height of λeff/2 and it is defined by the equation B.4.
PRx
PTx
|2D = PRx
PTx
|3D ·
√
2pi
λ
(B.4)
For example, in both cases, if the brain case is considered and the diffraction
losses are calculated at 600 MHz and considering a radius of 0.1 m, the 3D
losses will be 30.05 dB and the 2D losses will be 26.52 dB.
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Permittivity calculation
During all the theoretical study, it is said that the brain has a relative per-
mittivity of 40. To get a material with this value, a liquid mix of water and
96º alcohol was considered.
C.1 Theoretical development
The drawback of this material is that the relative permittivity changes with
frequency. This means that the permittivity of ethanol will have a certain
value at 400 MHz which will be different at 900 MHz or at other frequencies.
For this reason, it is necessary a calculation method for the relative permit-
tivity which takes into account the frequency and the percentage of alcohol
than contains the liquid. This method can be find in the paper “Water-
Ethanol Mixtures at Different Compositions and Temperatures. A Dielectric
Relaxation Study” [18]. In the paper, it is presented a way to calculate
the permittivity considering different parameters like the temperature, the
percentage of alcohol in water and the frequency.
The equation presented in the paper which allows the relative permittivity
calculation corresponds to the equation C.1 [18].
R(v) = (∞) + 411 + jωτ1 +
42
1 + jωτ2
(C.1)
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The different values of the parameters that appears on the equation can be
found in the same paper. So, in the table C.1 the values for this case and for
a temperature of 25 ºC are shown.
xe (% of alcohol) (0) (∞) τ1 (ps) τ2 (ps) 41 42
1 (pure alcohol) 24.5 3.4 162 6 20 1.1
0.76 28.8 3.8 108 12 22.9 2.1
0.54 35.4 4 70 13 27.2 4.2
0.36 44.4 4.5 45 9 36.1 3.8
Table C.1: Values for the calculation of the relative permittivity for water-
alcohol mixtures [18]
Additionally, it is necessary to specify the working frequency which in case
of the brain should be 450 MHz, which corresponds to the central frequency
of the frequency band where the measurements will be made.
Taking the values of the table C.1 the different values of the relative per-
mittivity for different percentages of alcohol can be obtained, and these are
represented in the table C.2, where it can be seen that to obtain the brain
relative permittivity it is necessary a mixture between alcohol and water with
a 36% of alcohol.
xe (% of alcohol) Permittivity
1 (pure alcohol) 21.03− j7.59
0.76 26.84− j6.47
0.54 34.34− j5.33
0.36 43.82− j4.62
Table C.2: Relative permittivity for different percentages of alcohol at 450
MHz
So, for the mixture of alcohol and water with a 36% of alcohol, it can be
obtained a medium with the following characteristics at 450 MHz:
• Relative permittivity: ε′ = 43.82
• Conductivity: σ = 0.12
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C.2 Practical development
To check the relative permittivity of the mixture between the 96º alcohol
and water, the antennas and the network anlayzer are used. In this case, the
measurements consists on measuring with the network analyzer, the amp-
litude and phase of the S21parameter, at different distances such as, 0 cm
(reference), 1 cm, 2 cm and 3 cm.
With this values it is possible to calculate the relative permittivity and the
attenuation of the liquid, using the equation C.2 and C.3, presented below.
• Relative permittivity:
εr =
(
c
f · 2pi
k
)2
where − kr = ^d cm − ^ref (C.2)
• Attenuation:
e−αd = |s21|d cm|s21|ref (C.3)
From the experimental results for the frequency of 390 MHz three measure-
ments separeted 1 cm were taken. The average phase difference was 29.33º
from this ε′ = 39.28.
Distance (cm) Phase (º)
9 -17
10 -51
11 -79
12 -105
Table C.3: Phase measurements at 390 MHz
Now, if the difference between the phases shown in the table C.3 are calcu-
lated, for each increment of 1 cm the phase increase a certain value that can
be seen in the table C.4.
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Increment in distance Phase increment (º)
from 9 cm to 10 cm −51− (−17) = −34
from 10 cm to 11 cm −79− (−51) = −28
from 11 cm to 12 cm −105− (−79) = −26
Table C.4: Phase measurements at 390 MHz
Tacking into account that the wavelength in free space at 390 MHz is 76.92
cm, the phase increment in free space per each 1 cm can be calculated as
follows:
1 cm
76.92 cm · 360º=4.68º (C.4)
With this value of 4.68º it can be calculated the value of relative permittivity
tacking into account that the difference between the free space phase and the
phase into the new medium is due to the relative permittivity.
ε′ =
(
average phase new medium
phase in free space
)2
=
(
29.33º
4.68º
)2
= 39.28 (C.5)
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Acronyms
2D two-dimensional
3D three-dimensional
MC Magnitude Combined
RF Radio Frequency
SFC Spatial Focusing Capability
SP4T Single Pole, 4 Throw
SP8T Single Pole, 8 Throw
SPDT Single Pole, Dual Throw
UPC Universitat Politècnica de Catalunya
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